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Abstract 

Proteins are ideal candidates for disease treatment because of their high specificity and 

potency. Despite this potential, delivery of proteins remains a significant challenge due to the 

intrinsic size, charge, and stability of proteins. Attempts to overcome these challenges have most 

commonly relied on direct conjugation of polymers and peptides to proteins via reactive groups 

on naturally occurring residues. While such approaches have shown some success, they allow 

limited control of the spacing and number of moieties coupled to proteins, which can hinder 

bioactivity and delivery capabilities of the therapeutic. Here, we describe a strategy to site-

specifically conjugate delivery moieties to therapeutic proteins through unnatural amino acid 

(UAA) incorporation, in order to explore the effect of epidermal growth factor receptor (EGFR)-

targeted ligand valency and spacing on internalization of proteins in EGFR-overexpressing 

inflammatory breast cancer (IBC) cells. Our results demonstrate the ability to enhance targeted 

protein delivery by tuning a small number of EGFR ligands per protein and clustering these ligands 

to promote multivalent ligand-receptor interactions. Furthermore, the tailorability of this simple 

approach was demonstrated through IBC-targeted cell death via the delivery of yeast cytosine 

deaminase (yCD), a prodrug converting enzyme.  
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Introduction 

 Therapeutic proteins are one of the fastest growing sectors on the pharmaceutical market 

because of their sophisticated functional properties, capacity for highly specific recognition of 

biological binding partners, and relevance to multiple diseases.1 In fact, biologics represented 35% 

of all new FDA approvals between 2010 and 2016, and the market is poised for further evolution 

and growth.2 However, despite enormous interest and significant investments in developing 

advanced protein therapeutics, protein delivery remains a major limitation.  Stability issues have 

hindered or halted clinical advancement of many antibodies.3 Most therapeutically-relevant 

enzymes are incompatible with the extracellular environment, leading to aggregation, activity loss, 

and/or renal clearance.4 Furthermore, most proteins are membrane impermeable, and therefore 

active strategies are necessary to deliver proteins transcellularly or intracellularly, while also 

targeting the correct cells and subcellular compartments. As a result, the pipeline has a dearth of 

intracellular protein drug candidates, even though intracellular proteins comprise over 60% of the 

human proteome and have predicted therapeutic applications ranging from neurological disorders5 

to lysosomal storage disease6 to cancer7, 8, 9, 10, 11. 

 Engineering efforts to address these issues and improve protein delivery often rely on 

modifying proteins through direct conjugation of biocompatible polymers or targeting ligands that 

can increase protein stability, alter protein biodistribution, and/or improve cellular uptake.12 For 

example, polyethylene glycol (PEG) has been conjugated to a number of FDA-approved protein 

drugs to improve protease resistance and reduce renal clearance.13 Bioconjugation is typically 

accomplished using naturally-occurring reactive residues (e.g., lysines) within the protein 

sequence, or by using genetic fusion to the protein termini.14, 15 While both methods have the 

capacity to enhance various aspects of delivery as compared to proteins in their native form, the 
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inability to chemically modify proteins with site-specificity often affects the activity of the protein 

and thereby significantly hinders pharmacological action.16 For example, one study conjugated a 

single PEG molecule to distinct locations in human growth factor using a site-specific modification 

technique and observed a threefold difference in activity in vivo, depending on the location of the 

polymer.17   

Non-site-specific modification approaches also do not offer control over design variables 

that can be important determinants of targeting efficacy. Particularly, the importance of ligand 

spacing and density has been demonstrated for multivalent ligand-receptor interactions via ligand 

clustering18 and synergistic receptor binding via dual ligand co-functionalization.19, 20 The 

importance of multivalent effects in delivery has been clearly demonstrated using nanocarriers. 

For example, folate ligands were incorporated in micelles within clusters of varying valencies for 

delivery to folate-overexpressing cancer cells. The dissociation constant decreased two orders of 

magnitude when micelles had an average of three ligands per cluster as compared to micelles with 

an average of 1.5 ligands per cluster.21 In other examples involving nanocarriers, clustering cell-

binding ligands was shown to increase cell-binding affinity by up to 1000-fold.22, 23 Furthermore, 

optimal ligand cluster sizes and densities have been proposed for maximal receptor specificity and 

affinity. 24  While the advantages of ligand clustering have been demonstrated in nanoparticle 

systems, the effect of ligand clustering for protein internalization has been sorely lacking due to 

conjugation limitations. These examples point out the clear need for new strategies to modify 

proteins with well-defined ligand arrays.  

A potential strategy to accomplish this goal is the use of a site-specific and multivalent 

conjugation method for insertion of multiple chemical modification sites into proteins.  Previous 

work has demonstrated the ability to insert biorthogonal reactive residues into proteins through 
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unnatural amino acid (UAA) incorporation with nonsense codon replacement, enabling direct 

protein conjugation with simple ‘click’ chemistries.25 To date, over 70 UAAs with an array of 

structures have been successfully incorporated into the genetic code of multiple organisms.26 UAA 

incorporation has been used in a number of applications including protein labeling, biosensing, 

vaccine development, and antibody-drug conjugation.27, 28, 29  

Herein, we explored the potential of this approach for improved intracellular delivery of 

protein therapeutics. We specifically sought to determine whether UAA-modification could be 

used to control the spacing and number of receptor-binding ligands that were inserted into 

therapeutically relevant enzymes. UAA incorporation was used to attach clusters of the high-

affinity epidermal growth factor receptor (EGFR) targeting peptide GE1130 into fluorescent 

proteins and suicide enzymes for delivery to inflammatory breast cancer (IBC) cells. IBC is an 

aggressive subtype of breast cancer with a less than 50% survival rate beyond 5 years,31 and IBC 

associated with EGFR overexpression is particularly aggressive. Current drug delivery approaches 

in IBC are limited due to severe adverse side effects, and hence mechanisms to improve targeted 

drug uptake would have significant benefits. 

We first quantified protein uptake using the fluorescent model protein mCherry. By varying 

the spacing and number of GE11 peptides linked to mCherry via UAA conjugation, we 

demonstrated an 18-fold increase in protein uptake when four GE11 peptides were clustered in the 

protein as compared to proteins with a single GE11 peptide. In addition, uptake in healthy breast 

epithelial cells was found to be 4-fold lower than uptake in IBC cells, demonstrating the ability to 

not only deliver large amounts of protein, but also selectively target IBC cells. Furthermore, we 

modularized the GE11-mCherry for attachment to therapeutic enzyme cargoes using SpyCatcher-

SpyTag bioconjugation.32 SpyCatcher-SpyTag was used to link GE11-mCherry to yeast cytosine 
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deaminase (yCD), a suicide enzyme that converts the non-toxic prodrug 5-fluorocytosine (5-FC) 

into the widely used chemotherapeutic 5-fluorouracil (5-FU). The linkage strategy fully preserved 

yCD enzyme activity, and moreover, co-delivery of yCD and 5-FC resulted in a threefold 

difference in cell death between the normal and cancerous breast epithelial cells. These results 

demonstrate the benefits of UAA incorporation for controlling targeting peptide presentation and 

maximizing cargo protein activity, with key benefits relevant to prodrug therapeutics and a wide 

range of other intracellular protein therapies.  

 

Results and Discussion 

Unnatural amino acid (UAA) incorporation allows site-specific addition of pAzF 

Previous studies have demonstrated successful incorporation of p-Azido-l-phenylalanine 

(pAzF) in E. coli though amber stop codon suppression with the pULTRA-CNF suppressor 

plasmid system.25 Here, one, two, or four pAzF UAAs were incorporated onto the N-terminus of 

the fluorescent protein mCherry, and the resulting proteins were termed 1Az-, 2Az-, and 4Az-

mCherry. Flexible linkers made up of glycine and serine residues (G4S1) separated the UAAs. 

The fluorescence intensities of the cell lysates indicated that mCherry was preferentially expressed 

for all three constructs only when E. coli cells were grown with pAzF present in the culture medium 

(Figure 1A). Compared to 1Az-mCherry, 1.8-fold and 2.9-fold decreases in expression were 

observed for 2Az-mCherry and 4Az-mCherry, respectively. Decreased expression levels with an 

increased number of UAAs is a common outcome of UAA-linked protein expression.33 The 

addition of multiple amber stop codons in the encoding gene increases the possibility of early 

termination of translation.34 Importantly, expression of mCherry with up to four UAAs still 

resulted in significant yields. Growing cells in the absence of pAzF in the culture medium resulted 
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in low levels of mCherry expression in any samples, indicating that a majority of the full-length 

protein in the pAzF-grown samples likely contained the UAA (Figure S1A).  The three proteins 

were purified using His-tag Ni-NTA chromatography (Figure S1B). Incorporation of pAzF was 

confirmed through copper-catalyzed alkyne-azide cycloaddition (CuAAC) with Alexa Fluor® 488 

alkyne dye. Successful conjugation of the Alexa Fluor 488 dye to 1Az-, 2Az-, and 4Az-mCherry 

was confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), using 

fluorescence analysis and Coomassie staining (Figure 1B). 

 

Figure 1. Unnatural amino acid incorporation of pAzF. (A) Expression of full-length mCherry 

with 1,2, or 4 pAzF residues on the N-terminus in the presence (white) or absence (grey) of pAzF. 

Fluorescence is normalized to lysate concentration. (B) SDS-PAGE analysis of Alexa Fluor 488-

alkyne conjugation to azide groups of mCherry by Coomassie staining to detect total protein (top) 

and UV transillumination to detect Alexa Fluor 488 fluorescence (bottom).  

 

CuAAC ‘click’ chemistry conjugates EGFR targeting ligand to protein 

The GE11 targeting peptide was chosen to target EGFR, which is overexpressed in a 

number of different cancer cells including IBC cells.35, 36 The GE11 peptide exhibits high affinity 

toward EGFR (KD = 22 nM) and has been utilized for delivery of an array of nanoparticles in 

multiple types of EGFR-overexpressing cancer cells.30, 37, 38, 39 For instance, liposomes loaded with 
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doxorubicin and functionalized with PEG-GE11 demonstrated a 2.2-fold increase in A549 tumor 

cell accumulation in in vivo models as compared to liposomes functionalized only with PEG.40  

Here, GE11 was synthesized with an N-terminal propargyl-glycine through Fmoc solid 

phase peptide synthesis, purified through HPLC, and the final product was confirmed through 

MALDI-TOF mass spectrometry (Figure S2). Subsequently, CuAAC was used to conjugate the 

propargyl-GE11 peptide on to the azido groups of mCherry.  The reaction yield of propargyl-GE11 

with 1pAzF-, 2pAzF-, and 4pAzF-mCherry was estimated via SDS-PAGE analysis (Figure S3A) 

and MALDI-TOF mass spectrometry (Figure S3B). The change in product size following 

propargyl-GE11 conjugation to 1Az- and 2Az-mCherry confirmed that a majority of the final 

product in each protein had all reactive groups modified with the GE11 peptide. Reaction with 

4Az-mCherry indicated a majority of the final product had either three or four GE11 peptides. We 

suspect that the lower modification efficiency of 4GE11-mCherry is due to both limitations in 

UAA incorporation, i.e., that only three out of the four encoded pAzF groups were actually 

incorporated in the protein product, as the incorporation of multiple UAAs can increase the 

likelihood of amber codon read-through; as well as steric hindrance due to the close proximity of 

the GE11 peptides.  The CuAAC reaction itself is unlikely to be the issue as CuAAC linkage 

typically results in high yields.41 Usage of an E. coli cell line developed specifically for UAA 

incorporation, rather than BL21(DE3) 42, 43, or increasing the spacing of the UAAs, would likely 

improve the reaction efficiency.  

 

EGFR overexpression in IBC cells provides targeting opportunity  

SUM149 cells are a patient-tumor derived IBC cell line that expresses high levels of EGFR; 

MCF10A cells are a normal breast epithelial cell line that expresses lower levels of EGFR.44 The 
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EGFR expression levels in each cell line were confirmed through immunostaining, using an Alexa 

Fluor 488 conjugated anti-EGFR antibody (Figure 2A). Flow cytometry analyses indicated that 

IBC SUM149 expressed approximately 5-fold higher levels of EGFR than MCF10A cells (Figure 

2B).  Histograms of cellular Alexa Fluor 488 fluorescence based on flow cytometry indicated that 

a majority of the IBC SUM149 cells expressed EGFR at high levels (Figure 2C), whereas a 

majority of MCF10A cells expressed only basal levels of EGFR (Figure 2D). The small population 

of MCF10A cells expressing high levels of EGFR was likely caused by variations in EGFR 

expression that occur during the cell cycle45 and cellular heterogeneity. 

 

 

Figure 2. EGFR immunostaining. (A) Fluorescence microscopy images of IBC SUM149 and 

MCF10A cells incubated with Alexa Fluor 488-conjugated anti-EGFR antibody or IgG antibody 

control. The scale bar represents 50 µm. (B) Median fluorescence intensity of EGFR and IgG 

immunostained IBC SUM149 (white) and MCF10A (grey) cells from flow cytometry analysis. 

Results are shown as the median ± standard deviation of data obtained from three independent 

experiments. *Indicates a statistically significant difference in EGFR expression in IBC SUM149 

and MCF10A cells (p < 0.05).  (C) Flow cytometry histograms of IBC SUM149 cells stained with 
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rabbit IgG (red) and anti-EGFR (green). (D) Flow cytometry histograms of MCF10A cells stained 

with rabbit IgG (red) and anti-EGFR (green).  

 

 

 

Control of ligand number provides tunable targeted uptake in IBC cells 

To determine if ligand valency played a role in targeted cellular uptake, the GE11-mCherry 

proteins were delivered to IBC SUM149 cells and MCF10A cells. Fluorescence microscopy was 

used to visual cell internalization (Figure 3A and Figure S5). Corresponding phase images are 

provided in the supplemental information (Figure S4). From flow cytometry, 2.9-fold, 13.6-fold, 

and 40.7-fold increases in cellular association were observed in IBC SUM149 cells for 1GE11-, 

2GE11-, and 4GE11-mCherry as compared to uptake levels of mCherry lacking any GE11, termed 

0GE11-mCherry (Figure 3B). In addition, GE11-mCherry at all valencies exhibited higher uptake 

levels in IBC SUM149 cells as compared to MCF10A cells, which express significantly less 

EGFR. Cellular association of 1GE11-mCherry was 1.8-fold higher in IBC SUM149 cells as 

compared to MCF10A cells, although this difference was not statistically significant. The 

association levels of 2GE11-mCherry and 4GE11-mCherry were 4.7-fold and 4.1-fold higher in 

IBC SUM149 cells vs. MCF10A cells, respectively. Although internalization increased in 

MCF10A cells with increased GE11 number, the difference in internalization levels between IBC 

SUM149 and MCF10A cells remained significant at higher valencies.  

We expect that the non-linearity observed between ligand number and cellular uptake was 

the result of ligand clustering. Previous studies have demonstrated improved uptake via clustering 

when targeting EGF receptors. For example, affibody molecules against EGFR demonstrated 

significantly higher uptake in EGFR-positive A431 cells when the affibodies were clustered 

through a heptamerization domain, as compared to monomeric affibodies.46 An additional study 

demonstrated a similar phenomenon by clustering HER2 ligands on liposomes; uptake was 
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enhanced in both HER2-overexpressing cells and cells with lower HER2 expression levels as 

compared to liposomes with uniformly distributed ligands.47  

 

 

Figure 3. GE11-mCherry cellular internalization with varying GE11 decoration densities. (A) 

Fluorescence micrographs of IBC SUM149 (white) and MCF10A (grey) cells incubated with 

GE11-mCherry constructs. The scale bar represents 25 µm. (B) Fluorescence intensity of GE11-

mCherry uptake from flow cytometry analysis. Results are shown as the mean ±standard deviation 

of data obtained from three independent experiments. *Indicates a statistically significant 

difference in uptake between IBC SUM149 and MCF10A cells (p < 0.05). **Indicates a 

statistically significant difference in uptake between mCherry constructs in IBC SUM149 cells (p 

< 0.05). 
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To determine whether UAA-mediated GE11 targeting offered benefits in cell uptake and 

cell specificity as compared with common cell penetrating peptide (CPP) strategies in proteins, 

protein internalization levels also were compared to uptake levels of a Tat-mCherry fusion protein. 

Tat is an HIV-derived CPP that is able to elicit high levels of non-specific cellular uptake due to 

its positive charge.48 Tat fusions have been widely used to stimulate intracellular delivery of 

proteins.49 Tat-mCherry showed comparable levels of uptake in IBC SUM149 cells and MCF10A 

cells demonstrating its non-specificity. In addition, Tat-mCherry showed 3.2-fold lower cell 

association levels as compared to 4GE11-mCherry in IBC SUM149 cells, demonstrating that the 

UAA/GE11 approach offered significant improvements in not only targeting specificity, but also 

cellular uptake efficiency.   

 

EGF inhibition demonstrates EGFR mediated uptake  

EGF (KD = 2 nM) was used in competitive binding assays to confirm whether or not GE11-

mCherry uptake was EGFR specific. EGF was incubated with IBC SUM149 cells for 1 h prior to 

delivery of GE11-mCherry. Fluorescence microscopy and flow cytometry showed significantly 

reduced uptake levels of all GE11-mCherry constructs when EGF was pre-incubated with IBC 

SUM149 cells, suggesting that GE11-mCherry uptake was EGFR mediated (Figure 4A). 

Specifically, 11.3-fold, 5.4-fold, and 2.6-fold drops in cell association were observed when IBC 

SUM149 cells were pre-incubated with excess concentrations of EGF followed by delivery of 

1GE11-, 2GE11-, or 4GE11-mCherry (Figure 4B), respectively. These results suggest that the 

number of GE11 peptides has an impact on the ability of EGF to inhibit mCherry internalization. 

One possible explanation for this is ligand clustering, which has been shown to enhance the 

apparent ligand-receptor binding affinity.50 An alternative possibility is based on the charge of the 
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GE11 peptide. GE11 has a positive charge of one, meaning that the overall charge of GE11-

mCherry increases as the number is increased. Cationic charge has been shown to elicit cellular 

uptake, and so the increased charge could lead to non-specific mCherry uptake.51 Nonetheless, 

EGFR appeared to play an important role in the uptake mechanism of the protein. 

 

Figure 4. GE11-mCherry EGFR Inhibition. (A) Fluorescent microscopy images of GE11-

mCherry uptake (-EGF) in IBC SUM149 compared to uptake following EGF pre-incubation 

(+EGF). Scale bar represents 25 µM. (B) Mean fluorescent intensity of GE11-mCherry association 

with and without EGF inhibition from flow cytometry analysis. Results are shown as the mean 

±standard deviation of data obtained from three independent experiments. *Indicates a statistically 

significant difference in uptake between IBC SUM149 cells pre-incubated or in the absence of 

EGF (p < 0.05). 

 

Ligand clustering impacts cellular uptake 

To determine whether ligand clustering influenced EGFR binding and mCherry uptake, we 

generated a GE11-mCherry construct in which the GE11 peptide was spaced throughout the 

protein rather than clustered on the N-terminus. To do this, the GE11 peptide was conjugated to 

mCherry using reactive amines on surface lysine residues (Figure S7A).  First, azidobutyric acid 

NHS ester was reacted in tenfold excess with amine groups in mCherry so that azido groups were 

available on the surface. Secondly, azido groups were reacted with alkyne-GE11 using CuAAC to 
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incorporate approximately four GE11 peptides per protein (Figure S7B). This reaction resulted in 

mCherry protein that was highly insoluble, likely due to the loss of charge on the mCherry protein 

resulting from reacting the lysine residues. Applying the randomly modified protein to IBC 

SUM149 cells resulted in the appearance of protein aggregates on the surface of the cells, but the 

protein was not internalized at high levels (Figure S7C). Extensive optimization was needed in 

order to procure protein that was soluble, further highlighting the usefulness of UAA incorporation 

for ligand conjugation.  

We hypothesized that this decrease in solubility was due to changing the overall charge of 

the protein by reacting surface lysine residues. To improve the solubility of GE11-mCherry 

conjugated through NHS ester-amine chemistry, azidobutyric acid NHS ester was limited so that 

only an average of two azido groups were reacted per protein. Following CuAAC with alkyne-

GE11, the protein appeared soluble (Figure S7E). From SDS-PAGE, this protein appeared to have 

similar numbers of GE11 per mCherry as compared with 2GE11-mCherry reacted via the UAA 

approach (Figure S7D). While there is little control over GE11 addition using this method, it was 

expected that a majority of the protein would have non-clustered GE11 peptides due to the spacing 

of available lysine residues.  

Both the clustered and non-clustered 2GE11-mCherry proteins were administered to IBC 

SUM149 cells. Cellular internalization and association was detected with fluorescence microscopy 

(Figure 5A) and flow cytometry (Figure 5B), respectively. The results of these experiments 

demonstrated that the clustered 2GE11-mCherry was uptaken at significantly higher levels as 

compared to the non-clustered version, which demonstrated comparable uptake levels to 1GE11-

mCherry; these results suggest that GE11 ligand clustering plays a clear role in enhancing EGFR-

mediated uptake.  These results are comparable to a study that demonstrated improved DNA 
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delivery with polyplexes functionalized with a branched divalent GE11 ligand as compared with 

individual GE11 peptides.52 It should be noted that while these finding appear to be a result of 

ligand clustering, because different conjugation techniques were used to generate the clustered and 

non-clustered proteins, changes in protein properties, such solubility, could also be responsible for 

some of the differences observed.  

 

Figure 5. Internalization with non-clustered 2GE11-mCherry. (A) Fluorescence microscopy 

images of clustered and non-clustered 2GE11-mCherry cellular internalization. Scale bar 

represents 15 µm. (B) Flow cytometry analyses of non-clustered and clustered 2GE11-mCherry 

cellular association. Results are shown as the mean ± standard deviation of data collected from 

three independent experiments. *Indicates a statistically significant difference in uptake between 

clustered and non-clustered 2GE11-mCherry (p < 0.05). (C) Flow cytometry histograms of 

clustered (red) and non-clustered (green) 2GE11-mCherry uptake in IBC SUM149 cells.  
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Plug-and-play incorporation of yCD suicide enzyme with SpyCatcher-SpyTag  

 The SpyCatcher-SpyTag protein coupling system was used to facilitate plug-and-play 

conjugation of therapeutically-relevant enzymes to GE11-mCherry. The lysine on SpyCatcher and 

aspartic acid on SpyTag are able to form an isopeptide bond within minutes and the reaction 

demonstrates high yields in diverse solution conditions.32 A variety of protein cargoes could be 

delivered by simply fusing SpyTag, a small 13 amino acid peptide tag, to a choice therapeutic 

protein and coupling it to the GE11-mCherry-SpyCatcher constructs. To enable SpyCatcher-

SpyTag-mediated enzyme attachment to the GE11-modified mCherry delivery constructs, 

SpyCatcher was fused to the C-terminus of 1Az-, 2Az-, and 4Az-mCherry. Expression levels were 

not significantly altered with the addition of the SpyCatcher fusion protein (Figure S8A). 

Subsequently, GE11 was conjugated to the Az-mCherry-SpyCatcher constructs using CuAAC 

chemistry. This reaction showed yields similar to those seen with the Az-mCherry constructs 

(Figure S8B).  

 To demonstrate the plug-and-play enzyme attachment strategy, SpyCatcher-SpyTag was 

used to attach the prodrug converting enzyme, yCD, to 1GE11-, 2GE11, or 4GE11-mCherry-

SpyCatcher. yCD catalyzes the deamination of cytosine to uracil, enabling rapid conversion of 5-

FC, a non-toxic prodrug, into 5-FU, a toxic chemotherapeutic.53, 54 5-FU is an FDA-approved 

chemotherapeutic that has been used widely in the treatment of colorectal and breast cancers due 

to its capacity to inhibit DNA replication;55 however, off-target side effects of 5-FU, such as 

fatigue, nausea, and cognitive impairment56 have motivated interest in prodrug conversion 

strategies. SpyTag was fused to the N-terminus of yCD, and the SpyTag-yCD protein was coupled 

to GE11-mCherry-SpyCatcher to form GE11-mCherry-yCD. SDS-PAGE analysis confirmed that 

a majority of the full length mCherry protein was coupled to yCD (Figure S8B). 
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Delivery of suicide enzyme elicits IBC-targeted cell death 

To assess the internalization of 1GE11-, 2GE11-, and 4GE11-mCherry-yCD, uptake 

experiments were performed in IBC SUM149 cells and MCF10A cells. Flow cytometry 

experiments demonstrated that the GE11-mCherry-yCD constructs showed on average roughly 

twofold lower uptake compared to GE11-mCherry proteins in both cells lines (Figure 6A). This 

reduction of uptake is likely due to changes in the molecular weight and surface properties from 

the addition of the yCD.  Despite this difference, the effect of GE11 valency remained. Uptake in 

IBC SUM149 demonstrated 2.4-fold, 7.4-fold, and 19.3-fold increases for 1GE11-, 2GE11-, and 

4GE11-mCherry-yCD as compared to 0GE11-mCherry-yCD. In addition, uptake was 2.3-fold, 

2.8-fold, and 3.1-fold higher in IBC SUM149 than MCF10A cells, again demonstrating the 

targeting capacity of this approach.  

 

Figure 6. yCD delivery and cell viability. (A) Flow cytometry analyses of mCherry-yCD cellular 

association in IBC SUM149 (white) and MCF10A (grey) cells. Results are shown as the mean ± 

standard deviation of data collected from three independent experiments. *Indicates a statistically 

significant difference in uptake between IBC SUM149 and MCF10A cells (p < 0.05). **Indicates 

a statistically significant difference in uptake between mCherry-yCD constructs in IBC SUM149 

cells (p < 0.05). (B) MTT assay to assess the viability of SUM149 (white) and MCF10A (grey) 

cells following delivery of yCD and treatment with 5-FC. 5-FU viability was subtracted as 

background and the results were normalized to 5-FC viability. Results are shown as the mean ± 

standard deviation of data obtained from four independent experiments. *Indicates a statistically 

significant difference (p < 0.05) in viability between IBC SUM149 and MCF10A cells. 
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The activity of yCD was tested in both cell types to determine whether GE11-mCherry-

yCD could selectively decrease viability of IBC SUM149 cells when treated with the prodrug 5-

FC. Both types of cells were incubated with the GE11-mCherry-yCD proteins. Extracellular 

protein was removed through multiple wash steps, and 5-FC was subsequently administered. 

Following treatment, cell viability was measured using MTT assays. In the absence of yCD, cell 

death did not occur despite the presence of 5-FC, with 91% cell viability in IBC SUM149 cells, 

and 90% cell viability in MCF10A cells as compared to the same cell types untreated. Direct 

treatment with 5-FU induced significant decreases in viability for both IBC SUM149 cells and 

MCF10A cells, with cell viabilities of 45% and 47%, respectively, following 5-FU treatment. 

Delivery of yCD proteins without 5-FC did not impact viability in either cell type (Figure S9).   

To understand the effect of yCD/5-FC treatment, the cell viability of 5-FU was set to zero 

and sample viability was normalized to the viability of 5-FC (Figure 6B). In IBC SUM149 cells, 

a clear reduction in viability was evident as the GE11 valency was increased, with 4GE11-

mCherry-yCD/5-FC treatment inducing toxicity levels that were nearly the same as the toxicity 

levels following direct treatment with 5-FU.  Treatment of MCF10A cells resulted in a similar 

effect, in that higher GE11 valences produced increased levels of off-target cell death; however, 

viability at all GE11 densities was higher for MCF10A cells compared to IBC SUM149 cells. 

Specifically, 1GE11-, 2GE11-, and 4GE11-mCherry-yCD/5-FC treatment produced 1.4-, 1.7-, and 

2.9-fold differences in cell viability, respectively, between the two cell types. Treatment with Tat-

mCherry-yCD and 5-FC also resulted in elevated levels of cell death in both cell types, but there 

was not a significant difference in viability between IBC SUM149 cells and MCF10A cells. These 

data demonstrate the targeting capabilities of GE11-mCherry-yCD proteins, and they further 
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demonstrate the ability to control viability selectively in IBC SUM149 cells and MCF10A cells 

using alterations in GE11 valency. 

 

Conclusions 

Herein, we demonstrated the ability to control intracellular protein delivery to IBC cells by 

controlling the valency of EGFR targeting peptides through UAA incorporation.  Furthermore, the 

SpyCatcher-SpyTag conjugation system was employed for plug-and-play therapeutic cargo 

protein attachment. Though this method was applied to prodrug cancer therapy, this approach 

could be tailored to a multitude of applications by selecting alternative targeting peptides and 

therapeutic proteins. In addition, while the scope of this study focused on targeting peptides, site-

directed conjugation of hydrophilic polymers and endosomolytic peptides could be further 

explored to address additional challenges associated with in vivo cytosolic protein delivery.  

Using this approach, delivery of the prodrug converting enzyme, yCD, resulted in 

significant IBC-targeted cell death when treated with 5-FC, with the levels of cell death 

controllable through alterations in ligand number. Our results demonstrate the importance of 

controlling the location of delivery molecules conjugated to proteins for improved cell specificity, 

delivery efficiency, and pharmacological activity of protein drugs, a phenomenon that has not been 

studied extensively in proteins due to conjugation limitations. While UAA incorporation is 

currently limited to laboratory scale production, as the ability to site-specifically modify proteins 

becomes more feasible, further understanding of ligand and polymer display will likely play an 

important role in improving delivery and efficacy of advance protein therapeutics. 
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Experimental Procedures 

Materials 

All DNA primers used to perform polymerase chain reaction (PCR) were purchased from 

IDT (Coralville, IA). Restriction enzymes, T4 DNA ligase, and Q5 DNA polymerase for DNA 

cloning were purchased from NEB (Ipswich, MA). Bacterial culture medium ingredients were 

purchased from Fisher Scientific (Pittsburgh, PA). Zyppy plasmid kit was purchased from Zymo 

Research (Irvine, CA) for DNA purification following digestion or gel electrophoresis. Antibiotics 

and isopropyl-β-D-1-thiogalactopyranoside (IPTG) were purchased from Sigma-Aldrich (St. 

Louis, MO). p-Azido-l-phenylalanine (4-azido-l-phenylalanine, > 98 % (HPLC)) was purchased 

from Chem-Impex International Inc. (Wood Dale, IL). Reagents for SDS-PAGE were purchased 

from BIO-RAD (Hercules, CA). Amino acids and resin for peptide synthesis were purchased from 

MilliporeSigma (Burlington, MA) and CEM Corporation (Matthews, NC). All solvents for peptide 

synthesis were purchased from Fisher Chemical (Fair Lawn, NJ). Dulbecco’s’ Phosphate Buffered 

Saline (DPBS, 1X), Ham’s F-12, and Dulbecco’s Modification of Eagle’s Medium/Ham’s F-12 

50/50 Mix were purchased from Thermo Fisher Scientific (Grand Island, NY).  

 

Construction of expression plasmids 

Constructs were prepared using standard molecular cloning techniques. A gene fragment 

encoding mCherry was amplified with PCR using primers amber-mCherry-F and amber-mCherry-

R (Table S1), in which an amber codon and NheI cut site were genetically fused to the N-terminus 

of the mCherry gene fragment. The PCR product was inserted into pET22b-w3-CFP-his657 using 

SacII and XhoI sites to yield pET22b-amber-mCherry-his6. Gene fragments encoding amber-

G4S1-amber and (amber-G4S1-amber)2, were annealed using primers 2amber-F, 2amber-R, 



21 

 

4amber-F, 4amber-R (Table S1) followed by T4 Polynucleotide Kinase treatment. The DNA 

fragments were inserted into pET22b-amber-mCherry-his6 using SacII and NheI sites to yield 

pET22b-2amber-mCherry-his6, and pET22b-4amber-mCherry-his6, respectively. All plasmids 

were transformed into Escherichia coli NEB5α (NEB, Ipswich, MA) [fhuA2 Δ(argF-lacZ)U169 

phoA 23 glnV44 Ф80 Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17]. Bacteria were grown 

on 25 g/L Luria-Bertani Broth (LB, 10 g/L tryptone, 5 g/L yeast extract, 5 g/L sodium chloride) 

and 15 g/L agar plates supplemented with 100 µg/mL ampicillin. Positive clones were co-

transformed with pULTRA-CNF (a gift from Prof. Peter G. Schultz,25) into E. coli strain 

BL21(DE3) (EMD Millipore, Madison, WI) [F- ompT hsdSB(rB- mB-) gal dcm (DE3) 

Δ(srlrecA)306::Tn10 (TetR)]. Plasmid sequences and primers can be found in the Supporting 

Information (Figure S10 and Table S1). 

 

Expression and purification of proteins 

Proteins were expressed in Terrific Broth (TB) media (12 g/L tryptone, 24 g/L yeast 

extract, 0.4% (v/v) glycerol, 9.4 g/L potassium phosphate monobasic, 2.2 g/L potassium phosphate 

dibasic) supplemented with 100 µg/mL ampicillin and 100 µg/mL spectinomycin. Cultures were 

inoculated with an overnight culture from a single colony to an OD600 of 0.05 and allowed to 

grow at 37oC in a shake flask to an OD600 of 0.06 – 0.08.  Expression was then induced with 1 

mM IPTG and supplemented with 1 mM pAzF. Cultures were grown overnight at either 20oC 

(1Az-mCherry-his6 and Tat-mCherry-his6) or 37oC (2Az-mCherry-his6 and 4Az-mCherry-his6). 

Cells were pelleted with centrifugation at 4000g for 10 minutes at 4oC. Spent media was 

removed and cells were resuspended in 1 x phosphate buffered saline (PBS, pH 7.4) with 10 mM 

imidazole to an OD600 of 20. Cells were lysed via sonication and centrifuged at 10,000g for 15 
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min at 4oC to collect soluble protein. Proteins were purified using His-Bind Ni-NTA resin gravity 

column from Thermo Fisher (Pittsburgh, PA) according to the manufacturer’s protocol. After 

purification, proteins were dialyzed overnight in 1x PBS.  

 

Site-specific conjugation of Alexa Fluor 488 

Alexa Fluor 488 Alkyne was purchased from Molecular Probes (Eugene, Oregon). 100 µM 

Alexa Fluor 488 Alkyne was reacted to 25 µM azido-mCherry in PBS (pH 6.5) with 250 µM 

CuSO4, 1.25 mM THPTA ligand, and 5 mM sodium ascorbate for 1 hour at room temperature.58  

Dye conjugation was confirmed via SDS-PAGE. Alexa Fluor 488 was detected with a Typhoon 

laser scanner (Marlborough, Massachusetts) and the gel was subsequently stained with Coomassie 

Brilliant Blue. 

 

Synthesis of GE11 peptide 

 GE11 with an N-terminal linker (HAIYPRHYHWYGYTPQNVI) was synthesized using 

solid phase peptide synthesis59 A propargyl glycine was conjugated to the N-terminus for CuAAC. 

The peptide was purified by reverse-phase high-performance liquid chromatography (not shown) 

with >90% purity and the final product was confirmed with MALDI-TOF mass spectrometry. 

From MALDI the molecular weight of the final product (2510.47 g/mol) matched the expected 

molecular weight (2510.77 g/mol). 

  

Site-specific conjugation of GE11 peptide to pAzF-mCherry proteins 

 GE11 was conjugated to mCherry constructs with CuAAC. Briefly, 150 µM alkyne-GE11 

was reacted to 25 µM azido-mCherry in 1xPBS (pH 6.5) with 250 µM CuSO4, 1.25 mM THPTA 
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ligand, and 5 mM sodium ascorbate for 1 hour at room temperature.58 The protein-peptide 

conjugate was then purified with His-Bind Ni-NTA resin and dialyzed overnight in 1x PBS. The 

products were analyzed with SDS-PAGE and MALDI mass spectrometry. Samples were filtered 

with a 0.22 µM syringe filter before being used in cell studies. 

 

Cell culture 

IBC SUM149 cells (a gift from Kenneth van Golen60) were grown in Ham’s F12 medium 

supplemented with 5% FBS, 1% (v/v) penicillin/streptomycin, 1% (v/v) mycoplasma antibiotic 

supplement, 1% (v/v) glutamine, 5 µg/mL insulin, 2.5 µg/mL transferrin, 200 ng/mL selenium, 

and 1 µg/mL hydrocortisone according to previously established methods.61, 62 MCF10A cells, 

purchased from ATCC (Manassa, Virginia), were grown in 50/50 DMEM/Ham's F12 medium 

supplemented with 5% FBS, 1% (v/v) penicillin/streptomycin, 50 µg/mL bovine pituitary extract, 

10 µg/mL insulin, 0.5 µg/mL hydrocortisone, 100 ng/mL cholera toxin, and 20 ng/mL epidermal 

growth factor. 

 

Cellular internalization of GE11-mCherry protein 

 First, 5 x 104 IBC SUM149 and MCF10A cells were seeded in 8-well plates with a collagen 

film (1.5 mg/mL Collagen I Bovine Protein in 0.02 M acetic acid) and incubated for 24 hours at 

37oC. Cells were incubated with 1 µM of protein for 3 hours. Media was removed and cells were 

washed three times in 1x DPBS (pH 7.4).  Cells were fixed with 4% paraformaldehyde for 15 

minutes, treated with DAPI (300 nM) for 10 minutes, and rinsed three times with 1x DPBS. 

Internalization was observed at 40x magnification on a Leica DM6000 fluorescence microscope 
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(Wetzlar, Germany) with 350/50 nm excitation and 460/50 nm emission for DAPI and 545/25 nm 

excitation and 605/70 nm emission for mCherry. 

 Flow cytometry was used as a quantitative analysis of GE11-mCherry uptake in IBC 

SUM149 and MCF10A cells. Cells were seeded in six-well plates at a density of 3 x 105 cells per 

well and incubated overnight at 37oC. Medium was replaced and cells were incubated with 1 µM 

of protein for 3 hours. Cells were washed three times in 1x DPBS and trypsinized. Following 

tyrpsinization, cells were neutralized with the appropriate cell media and centrifuged at 800 rpm 

for 4 minutes. Cells were resuspended in cold 1x DPBS and analyzed by flow cytometry 

(NovoCyte, ACEA Biosciences, Inc., San Diego, CA, USA). Fluorescence intensity of 1 x 104 

cells was measured with 488 nm laser and 660 nm emission for mCherry. The median fluorescence 

intensity of three replicates was reported along with a histogram of one replicate for each sample 

(Figure S6). 

 

EGFR immunostaining 

 Cells were seeded in 8-well plates with a collagen film and incubated for 24 hours before 

fixation and DAPI staining as previously described. Following fixation, cells were blocked with 

3% BSA in 1x DPBS for 20 minutes at room temperature then incubated with 2.5 µg/mL Alexa 

Fluor 488 anti-EGFR Antibody, from Thermo Fisher, or Alexa Fluor 488 Rabbit IgG Isotype 

control from Cell Signaling Technology (Danvers, MA) in 1x DPBS for one hour. Unreacted 

antibody was removed by washing three times with 1x DPBS and labelled cells were imaged at 

40x magnification on the fluorescence microscope with 470/40 nm excitation and 525/50 nm 

emission. 
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Flow cytometry was used as a quantitative analysis of EGFR level in IBC SUM149 and 

MCF10A cells. Cells were seeded in six-well plates at a density of 3 x 105 cells per well and 

incubated overnight at 37oC. Cells were trypsinized and spun down at 800 rpm for 4 minutes. 

Media was removed and cells were incubated with 10% formalin for 10 minutes before being spun 

down and undergoing one wash step. 2.5 µg/mL of Alexa Fluor 488 conjugated anti-EGFR or IgG 

control in DPBS were incubated with the cells at room temperature for 1 hour followed by a wash 

step and resuspension in cold 1x DPBS. Fluorescence of 1 x 104 cells was measured with 488 nm 

laser and 532 nm emission for Alexa Fluor 488. The median fluorescence intensity of three 

replicates was reported along with a histogram of one replicate for each sample. 

 

EGFR inhibition  

 IBC SUM149 cells were seeded at 5 x 104 cells per well in an 8-well collagen coated plate. 

Following overnight incubate at 37oC, media was replaced and cells were incubated with 100 µM 

of EGF for one hour. Cells were washed three times with DPBS and incubated with 1 µM of GE11-

mCherry protein for three hours. Media was removed and cells were washed three times in 1x 

DPBS before fixation and DAPI staining. Fluorescence imaging and flow cytometry analyses were 

conducted as described above.  

 

SpyTag/SpyCatcher conjugation of yCD to GE11-mCherry 

 A gene fragment encoding SpyCatcher was amplified with PCR using primers SpyCatcher-

F and SpyCatcher-R (Table S1). The PCR product was inserted into pET22b-w3-amber-mCherry-

his6 constructs using XhoI and BlpI sites to yield pET22b-amber-mCherry-SpyCatcher-his6. 

Identical methods of plasmid preparation, protein expression, and purification were used as 
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described above for pET22b-amber-mCherry- his6. CuAAC was again used to conjugate GE11 to 

Az-mCherry-SpyCatcher using the same reactant concentrations as above. Following CuAAC, the 

protein was purified and concentrated with his-tag chromatography and dialyzed in 1x PBS. To 

couple the yCD, 15 µM GE11-mCherry-SpyCatcher was reacted with 15 µM of yCD in 1 x PBS 

(pH 7.4) for two hours followed again by purification with his-tag chromatography.  

 

Prodrug Treatment and Cell Viability 

 In a 96 well plate, cells were seeded at 10,000 cells/well and incubated overnight. 1 µM of 

mCherry-yCD protein was added to cells and incubated for three hours. Cells were washed three 

times with 1x DPBS to remove protein that was not internalized, treated with 500 µg/mL of 5-FC 

and incubated for 48 hours at 37oC. Following incubation, MTT Cell Proliferation assays from 

Thermo Fisher were performed according to the manufacturer’s protocol.  

 

Statistical Analyses 

 Results were reported as mean ± standard deviation except where noted. All experiments 

were replicated at least three times with unique protein batches, except for Tat constructs which 

were repeated with two unique batches of protein. Statistical significance was determined with an 

unequal variance T-test. Significance was accepted at p < 0.05.  
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